Surface plasmon polaritons (plasmons) have the potential to interface electronic and optical devices. They could prove extremely useful for integrated quantum information processing. Here we demonstrate on-chip electrical detection of single plasmons propagating along gold waveguides. The plasmons are excited using the single-photon emission of an optically emitting quantum dot. After propagating for several micrometers, the plasmons are coupled to a superconducting detector in the near-field. Correlation measurements prove that single plasmons are being detected.
T he term plasmons refers to light confined to a metal/ dielectric interface, with appealing characteristics of shortened wavelengths and enhanced field strengths. 1 Plasmons are also easily guided on-chip over distances of many micrometers. Most interest has been in the classical, many-photon regime where plasmons are generated by light and after traveling along the metal surface, re-emitted as photons into free space. A few experiments with respect to quantum properties have been performed. First, it was shown that the plasmon-mediated enhanced light transmission through arrays of holes in a metal surface conserves the photon's polarization properties, including quantum superpositions. 2 Similar work showed that energy-time entanglement is also preserved. 3 Second, it was shown that coupling single emitters to silver nanowires in the near-field allows excitation of single plasmons. 4, 5 All these schemes relied on conversion of the plasmon to a free photon and subsequent far-field detection with traditional single photon detectors. Alternatively, on-chip electrical detection has been demonstrated using organic photodiodes, 6 gallium arsenide structures 7 and germanium wires. 8 However, none of these techniques has provided single plasmon sensitivity. By coupling a plasmon waveguide to a superconducting single-photon detector (SSPD), we demonstrate on-chip electrical detection of single plasmons. Next to single-photon sensitivity, 9 this on-chip, near-field detection has the potential for high detection efficiency, large bandwidth, and low timing jitter.
Our SSPDs consist of a meandering NbN wire (∼100 µm long, 100 nm wide, ∼5 nm thin). The critical temperature T c below which the wire becomes superconducting is approximately 9 K. When applying a bias current close to the critical current, absorption of a single photon is sufficient to create a local region in the normal, resistive state. This short-lived resistive state is detected as a voltage pulse at the terminals of the wire. The excess energy is dissipated within a fraction of a nanosecond, after which the superconducting state can be restored. The detection rate is limited by the kinetic inductance of the superconducting wire, 10 which in our current detectors gives a maximum count rate of 100 MHz. As we show here, this detection mechanism can also efficiently measure individual plasmons.
We fabricate plasmon waveguides from polycrystalline gold strips, which are electrically insulated from the NbN by a thin dielectric (Figure 1a , Supporting Information). Gratings at both ends serve to couple incoming free-space photons to plasmons confined to the bottom gold/dielectric interface. 11 These plasmons propagate to the detector where they are absorbed and detected ( Figure 1b ).
Measurements are performed in a cryostat at ∼4 K with the sample mounted on an XYZ translation stage. A laser is focused through a cold microscope objective, and a countrate XY-map is measured as a function of laser-spot position. We find a large detector response when the laser directly illuminates the SSPD (three peaks at X ≈ 11 µm in parts c and d of Figure 1 ). The detector response is very low with the laser spot on the substrate or gold strip, except at the grating regions. These detector peaks (consistently shifted for waveguides 1 and 2, Figure 1c ) show that light converted to plasmons is detected electrically on-chip.
To substantiate the electrical detection of plasmons, we have performed several checks. First, we measured one waveguide with an intentional 1 µm gap between grating and detector ( Figure S1 in Supporting Information), resulting in a strong suppression of the detector signal. Second, we rotated the incoming light polarization and retrieve a proper polarization-dependent detector signal ( Figure S2 in Supporting Information). We further measured wavelength dependence and find a vanishing signal at ∼650 nm due to losses in the gold film and a rapidly increasing detector response for longer wavelengths. Finally we measured the plasmon decay length in our gold strips and find a 1/e-decay of ∼10 µm for 810 nm light. All these checks are in qualitative agreement with simulations using Lumerical FDTD software.
We have fabricated several waveguides with varying grating-detector distances and shapes (e.g., a bend, Figure  S1 in Supporting Information). We also designed more complex structures to illustrate the flexibility of our fabrication method, one of which is a Y-splitter (Figure 2a ). Again the experiment consists of scanning a laser beam across the sample. In this case, the count rates of the left (Figure 2b This device could be used as an integrated plasmon Hanbury Brown and Twiss interferometer. The splitter is designed to be symmetric and therefore balanced. However, because the efficiency of the individual detectors is determined by their intrinsic sensitivity (e.g., microscopic properties) and the applied bias current, it is not possible to measure the absolute splitting ratio in this configuration. Our current plasmon waveguides are all multimode, but in the future they can be downsized to single-mode structures implementing interference-based devices such as Mach-Zehnder interferometers 12 and coincidence-based quantum logic gates 13 using plasmons.
SSPDs are well characterized and proven to have single photon sensitivity. 9 The power dependence ( Figure S3 in Supporting Information) already strongly suggests single plasmon sensitivity, since it is linear even in the regime
FIGURE 1. (a) A scanning electron microscopy image showing the superconducting detector (cyan) and two gold waveguides (yellow) with coupling gratings. (b) Representation of the low-temperature setup. The sample is XY-scanned through the laser focus. Illumination of the grating excites plasmons at the substrate/gold interface. After propagating along the waveguide, absorption in the SSPD gives a voltage pulse, V. (c) SSPD pulse counts versus laser-spot position. (d) 2D XY-scan. The blue and red lines (WG1 and WG2) indicate where the line-cuts in (c)
are taken.
FIGURE 2. (a) Microscope image of a plasmon Y-splitter device. The SSPDs (cyan) are colorized. (b, c) Signal of the left (b) and right (c) detector when scanning a laser spot (980 nm) across the device in (a). Just one detector produces a signal when illuminating the left or right detector. Both detectors produce a signal when illuminating the grating on the bottom left, indicating that plasmons couple to both arms of the Y-splitter. The white contours of the waveguide are a guide to the eye. Note that the color scales are different due to different dark-count levels in the left and right detectors.
where the average number of incoming photons within the detector dead time (∼10 ns) is much smaller than 1. However, to unambiguously prove single plasmon sensitivity requires a single photon source for plasmon excitation in addition to a time-correlation measurement. 4 We performed this measurement by cooling Stranski-Krastanov (SK) quantum dots (QDs) in a second cryostat. This sample contains QDs at the center of a distributed Bragg reflector microcavity (Figure 3b , inset) to enhance the brightness. 14 The emission of one of these QDs is collected and sent through a narrow bandpass filter. The filtered spectrum is shown in Figure 3b . Ten percent of this emission is collected in an optical fiber and sent to an avalanche photodiode (APD). The other 90% is coupled through free-space to the setup containing the SSPD with waveguides (Figure 3a) . To confirm that we are looking at a single-photon source, we first position the incoming beam directly at the SSPD. The correlation measurement between detection events from the APD and the SSPD is shown in Figure 3c . An antibunching dip with a fitted depth close to 0.5 is clearly visible. The fact that the dip does not go below the theoretical limit of 0.5 for a single emitter is likely to be due to background emission from the substrate and nonperfect filtering, especially since the two main peaks in the spectrum only constitute ∼60% of the total counts. The next step is to perform another XY-scan using the single photons from the QD (Figure 3d ). This scan clearly confirms that single plasmons can be excited by illuminating the gratings with single photons. After focusing the emission of the single-photon source on the lower-right grating, another correlation measurement is performed between the APD and the SSPD. The SSPD now detects plasmons that have propagated about 7.5 µm along the waveguide after coupling in through the grating. The resulting data clearly show that the quantum statistics of the original photons are maintained and that single plasmons are being detected. This is the first time that single plasmons are observed onchip in the near-field and opens up a wide range of possibilities in quantum plasmonics. By placing a single emitter onchip using nanomanipulation, 15 the integration could even be taken one step further, resulting in a complete optical circuit with efficient coupling of a single-photon source 16, 17 to a waveguide and a detector on a monolithic device.
Detecting single plasmons on-chip makes our waveguidedetector scheme very promising for ultrafast detection with low dark-count rates. The time resolution of <70 ps that can be achieved with an SSPD today is comparable to the best APDs. However, contrary to those detectors the SSPDs also provide good sensitivity in the nearinfrared range, up to several micrometers in wavelength. Combined with the flexibility for fabricating various complex waveguide structures, this results in many potential applications as sensors or interconnects and for quantum information processing.
